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ABSTRACT 



We study possible deviations from the Standard Model in the reaction e^e Zcf), where (p 

, denotes a spinless neutral boson. We show how the Z decay angular correlation can be used to 

extract detailed information on the (f> couplings, such as the parity of (j), radiatively induced form 
factor effects and possible CP violation in the scalar sector. 

> 

■ !• Introduction and Effective Lagrangian 

The process e+e^ ZH is expected to be the best reaction to look for the 

O ■ Higgs boson of mass <,2mw at LEP II and at an early stage of the next linear 

^ \ e+e" linear colliders^. Unlike in Higgs hunting at hadron colliders^, we expect 

■ to learn details of the Higgs boson properties and interactions at e+e~ colliders. 
p • These include the search for a deviation from the minimal one-doublet Higgs boson 
ji^! model and for possible radiative effects^. In fact a neutral spinless boson cj) which is 
Q \ produced via e+e" Zcp may not be a Higgs boson at all, but a new type of a bound 

' state such as a pseudo Nambu-Goldstone boson'' of a new strong interaction with a 

spontaneously broken chiral symmetry. The particle would then be a pseudoscalar 
^ ! rather than a scalar. We may even expect to observe a CP-violating interaction in 

H ' the boson sector^. 



In this paper, we study couplings of a spinless neutral boson which may be 
a scalar, a pseudoscalar, or some mixture of the two, to the Z boson in the process 
e+e~ {Z ^ ff)(t> by using the angular distributions of the final-state fermions. 
We consider an effective Lagrangian which contains the Standard Model couplings 
of fermions to the Z and 7, and study the effects of general mass-dimension-five 
(f)ZZ and (t)Z"f couplings which respect electromagnetic gauge invarianc^: 



v=za 



by 4>Z^u + cy [{d^4>)Zu - {du(p)Zfj] + by (pZ^^ 



(1) 



The terms az, by, and cy alone would correspond to a CP-even scalar while the 
term by alone indicates a CP-odd pseudoscalar. Interference of these two sets of 
terms leads to CP-violating effects. 

*V^i/ = dfj,V„ — d„V^, V^y = ISfi^Q/sV"'', with the convention £0123 = +1- 



These effective interactions contribute to the process e+e" Z(j). For elec- 
tron hehcity a = ±1 (in units of h/2 ^) and Z polarization A, the helicity amplitudes 
for e+e" Zij) are given by: 



y/2 



(2) 



where 

m(a=o) 



s — m?^ + imzTz 



to 



2^s—{az + (s + rr?zYz) + ^smzihz - cz] 
niz 



— e |^2mz(^ — >-7 
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c^) + 2-^^ c. 
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2y/s{az + (s + m%)cz) + ^suj{bz - cz) - iXAskbz 



iX2kb^ 
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Here 6 is the polar angle of the Z momentum about the electron beam direction, 
and uj and k are the Z energy and momentum in the e+e" cm. frame. The couplings 
are denoted by e = -y/iTra, gz = e/(sin6'vi/cos6'H/), fe = -1/4 + sin^Ow, and Oe = 1/4. 
The total cross section is simply obtained from the matrix elements of Eq. ^, but 
does not allow us to separate contributions from the various couplings. 

3. Decay Angular Correlations 

The differential cross-section for a given electron (/) helicity a {a') is 



da {a, a') 



1 



^z '^4>\ gz{vf + (y'affmz 



dcos6 dcos0 dip 327rs \ s ' s J QAtt'^T z 



J2M'AO)d'({9,0) 

A 
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where use has been made of the limit Tz <C mz, and (p are the fermion angles in 
the center-of-mass frame of the decaying Z, and 



"(A=0) 



a sin 
1 



T2 



1±(t' cos e)e^'^. 



(6) 



We expand the squared matrix elements and define asymmetries: 



Y,Ml{e)di{e,p) 



A, 



A' 



J^l(l +COS^ (9) + J^2(l - SCOS^^) + JP"3COS^ + 

.F4 sin cos (p + IF^ sin(2^) cos (p + J^q s\v? 6 cos(2(^) + 
T'j sin 9 sin (p + J^g sin(2^) sin (p + J^g sin^ 9 sin(2(^) . 

J d cos 9J^i /J d cos 9J^i , 
y — y ^ d cos 9J^i /J d COS 9!Fi . 



(7) 
(8) 

(9) 



Table 1: CP and CPT ' properties of squared matrix elements, and the corresponding observable 
asymmetries. CP and CPT conservation is indicated with a +, nonconservation is indicated with 
a — . The circles indicate that observation of the asymmetry requires identification of the charge 
of the final fcrmion /. The triangles indicate that the asymmetry may be suppressed without 
corresponding polarization measurements. 
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It is remarkable that for each combination of matrix elements, one asymmetry 
exists which requires measurement neither of the final fermion spin nor of its charge, 
and hence all the visible Z decay modes can be used for these measurements. We 
present in Table 1 the nine combinations of matrix elements which appear. The 
asymmetries, averaged over electron and summed over fermion spins, are shown in 
Fig. 1 as deviations from the Standard Model value az = gzmz/^. In Fig. la, the 
added couplings here are bz and cz; the Higgs is a pure scalar in this plot. Taking 
instead a pure pseudoscalar, that is, taking only bz to be nonzero, we would find 
a very different result. Then A2 = A4 = A'^ = 0, and ~ -0.42. Fig. lb shows a 
few of the CP-violating asymmetries. Fermion angular correlations in the process 
e+e^ ff(p are useful in obtaining detailed information on the CP nature of a 
spinless neutral particle ^. 
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Figure 1: Asymmetries of Eqs. (8) and (9) for mn = 60 GeV and -^/s = 200 GeV. Tlie solid lines 
indicate the effect of bz, the dashed lines give the effect of Cz- (a) A2-Aq exist in the Standard 
Model, (b) A^-Ag indicate CP violation. 

This work was funded in part by the University of Wisconsin Research Committee 
with funds granted by the Wisconsin Alumni Research Foundation, and in part by 
the U.S. Department of Energy under Contract No. DE-AC02-76ER00881. 

4. References 

1. Proceedings of the Workshop "Physics and Experiments with Linear Collid- 
ers", edited by R. Orava, P. Eerola and M. Nordberg (World Scientific, 1992); 
Proceedings of the Workshop "e+e~ Colliders at 500 GeV: The Physics Poten- 
tial", DESY 92-123, edited by P. M. Zerwas; JLC-I, KEK Report 92-16. 

2. J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The Higgs Hunter's 
Guide, Addison- Wesley, 1990. 

3. J. Fleischer and F. Jegerlehner, Nucl. Phys. B216, 469 (1983); B. Kniehl, 
Z. Phys. C55, 605 (1992); 

A. Denner, J. Kiiblbeck, R. Mertig, and M. Bohm, Z. Phys. C56, 261 (1992); 
S. Dawson and H.E. Haber, Phys. Rev. D44, 53 (1991). 

4. A. Ah and M.A.B. Beg, Phys. Lett. 103B, 376 (1981). 

5. S. Weinberg, Phys. Rev. D7, 1068 (1973);Phys. Rev. D42, 860 (1990); 

B. Grzadkowski and J. F. Gunion, Phys. Lett. B294, 361 (1992). 

6. K. Hagiwara and D. Zeppenfeld, Nucl. Phys. B274, 1 (1986). 

7. K. Hagiwara, R. D. Peccei, D. Zeppenfeld and K. Hikasa, Nucl. Phys. B282, 
253 (1987). 



